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SUMMARY 

The zero-gravity performance of an ullage control surface with l iquid 
hydrogen while subjected t o  unsymmetrical radiant heating was evaluated by 

u t i l i z ing  the Aerobee 150A vehicle during a 4 ~ a i n u t e  gravity-free f l i g h t .  1 

The resu l t s  indicate tha t  the standpipe f i l l e d  successfully and remained 
full during weightlessness i n  sp i te  of both adverse heating and small l a t e r a l  
perturbations. Comparison of predicted and measured pressure r i s e  was ob-tained. 
Both liquid-hydrogen s t r a t i f i ca t ion  and Dewar wall drying were observed. 

INTRODUCTION 

The effects  of both zero-gravity environment and solar  radiation on high- 
energy l iqu id  propellants such as l iqu id  hydrogen i n  a space vehicle orbit ing 
a planet or coasting i n  outer space pose many problems not readily predictable 
by computational analyses. The f l u i d  configuration under weightless conditions 
and the effect  of radiation from the ce l e s t i a l  body the l iqu id  tank "sees" com- 
bine t o  complicate vehicle requirements, including l iqu id  pumping t o  r e s t a r t  
engines, f l u i d  pressure r i s e  i n  l iquid tanks, location of venting l i ne  t o  re- 
l ieve excessive pressure buildup, and additional propellant required t o  account 
f o r  venting and boi loff .  

I n  an e f fo r t  t o  define adequately the f l u i d  configuration and i n  addition 
t o  determine the effects  of radiation heat t ransfer ,  a program i s  being con- 
ducted by the NASA Lewis Research Center t ha t  u t i l i ze s  zero-gravity time avail-  
able both from drop towers and from rocket t ra jec tor ies .  Studies of l iqu id  
hydrogen i n  a weightless environment i n  which the propellant tank was a 9-inch 
spherical  Dewar were made with the Aerobee 150A rocket and are  reported i n  ref-  
erences 1 t o  5. The basic zero-gravity configuration of wetting l iquids  i n  
spherical containers was studied a t  the Lewis drop tower and i s  reported i n  
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reference 6. Data on positioning the ullage fo r  3.3-inch-diameter spheres with 
standpipes were obtained and are  reported in references 7 and 8. The invest i -  
gation reported herein therefore u t i l i zed  the ullage control principle i n  an 
e f fo r t  t o  position the l iquid a t  the standpipe with l iquid hydrogen i n  a 9-inch- 
diameter sphere. The configuration w a s  simultaneously subjected t o  unsymmetri- 
ca l  radiation heat t ransfer  equivalent t o  267 Btu per hour per square foot on 
one half of the spherical  tank and approximately 1 Btu per hour per square foot 
on the other ha l f .  The data were obtained from an instrumented heat-transfer 
experiment t ha t  u t i l i zed  an Aerobee 150A rocket f i r e d  f romthe  NASA Wallops Is- 
land Station. 
f i lm recording the photographic his tory of the f l u i d  behavior was recovered 
from the nose-cone camera. 

1 The useful zero-gravity time of the f l i g h t  was 4~ minutes. A 

APPrn!rUS 

Experiment and Vehicle Description 

A schematic diagram of the liquid-hydrogen experiment and the Aerobee 150A 
rocket i s  shown i n  figure 1. The experiment consisted of a cryogenic Dewar, 
instrument tower, and recoverable nose cone. Since the Aerobee i s  a spin- 
s tabi l ized vehicle, a turntable was provided t o  nul l i fy  the spin ra te  of the 
experiment in  order t o  maintain a quiescent f l u i d  environment i n  the hydrogen 
Dewar. 

After burnout, the vehicle was despun by gas j e t s  t o  avoid perturbations 
from inadvertent misalinement of the center of gravity of the nose-cone - pay- 
load section and the vehicle. 

The camera i n  the nose cone photographed f l u i d  motion within the hydrogen 
Dewar for  the duration of the f l i g h t .  

The liquld-hydrogen Dewar (detai led i n  f i g .  2 )  consisted of a 9-inch- 
diameter, 0.010-inch-wall, s ta in less -s tee l  inner sphere within a liquid- 
nitrogen-cooled 11-inch-diameter vacuum jacket. Details of the design and the 
construction techniques are  the same as those of reference 1. Within the 
Dewar, as shown i n  the  figure,  a 3.25-inch-diameter by 3.8-inch-high cylindri-  
ca l  control surface was mounted t o  the Dewar wall., Four l/4-inch cutouts were 
placed a t  the base of the standpipe t o  allow f l u i d  interflow, as shown i n  f ig-  
ure 2(a).  

Within the vacuum space, a 10-inch-diameter spherical copper surface was 
ins ta l led  t o  provide a precalibrated heat input t o  the hydrogen Dewar. The 
hemisphere adjacent t o  the ullage control surface contained e l e c t r i c a l  heating 
elements regulated by temperature sensors such tha t  the radiation heat input 
averaged 267 3tu per hour per square foot. The opposing heater half was a 
plain copper heat sink with a radiation heat input of 0.6 Btu per hour per 
square foot.  

Instrumentation 

In- f l igh t  recording of the Dewar and experiment instrumentation w a s  
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Figure 1. - Experiment and rocket. 
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Figure 2. - Liquid-hydrogen Dewar. 

4 



accomplished by the electronic measuring systems located i n  the f l i g h t  instru- 
mentation section shown i n  figure 1. Commutated and continuous channels of 
information were transmitted by the telemeter equipment (see f i g .  1) t o  ground 
receiving s ta t ions.  
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The Dewar w a l l  temperatures were measured by means of 10 platinun- 
resistance temperature transducers, located as shown i n  figure 3. Character- 
i s t i c s  of these sensors a re  described in reference 1. A composition r e s i s to r  
rake was used t o  measure the temperature prof i le  from the w a l l  t o  the bulk of 
the hydrogen. T h i s  rake, shown i n  figure 2(b), consisted of four l / l O - w a t t  
miniature composition r e s i s to r s  spaced from the Dewar w a l l  a s  l l s t e d  i n  the 
tab le  on t ha t  f igure.  
and the heat sink were obtained from two platinum-resistance sensors located 

Temperatures of both the  e l ec t r i ca l ly  controlled heater 

on each hemisphere. 

x, e, 
in. deg 

1.25 15.5 
1.25 285.5 
1.25 195.5 
1.25 105.5 
3.40 60.5 
3.40 240.5 
3.50 150.5 
5.50 285.5 
7.70 60.5 
7.70 240.5 

r R (tvoical) = 

Top view 

Location of sensor 

o Adjacent to temperature- 
controlled heater 

0 Adjacent to dummy heat 
sink 

\ -  I 

Side view 

Figure 3. - Location of hydrogen sphere temperature sensors. 

Hydrogen Dewar pres- 
sure w a s  monitored by 
means of a pressure 
transducer with i t s  volt-  
age output pre calibrated 
t o  a known pressure his- 
tory.  

The gravity leve l  of 
the  experiment was mon- 
i to red  by accelerometers 
located a t  each of the 
vehicle 's  axes. I n  addi- 
t ion,  a 2-inch-diameter 
glass sphere par t ly  
f i l l e d  with mercury w a s  
used as a gravity indica- 
t o r ,  the image of which 
w a s  superimposed on the 
motion-picture film. 

The vehicle t ra jec-  
to ry  was  obtained from 
ground radar tracking, 

Data Reduction 

All telemetered data 
tapes were digi t ized and 
programed in to  the Lewis  
Research Center automatic 
data processing system 
according t o  predeter- 
mined voltage-output cal- 
ibrations.  The method of 
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calculating the heat-transfer r e su l t s  i s  presented herein. 

PROCEDURE 

Several hours pr ior  t o  scheduled launch, the experiment precountdown w a s  
begun. Subject , to  specified vacuum conditions, the hydrogen D e w a r  was cryo- 
genically cooled by flowing l iqu id  nitrogen through the vacuum-Jacket coolant 
l ines .  Shortly thereaf ter ,  the  experiment container was f i l l e d  with l iquid 
hydrogen above the 80-percent level ,  which augmented the Dewar cool down and 
established the hydrogen boiloff ra te .  
mentation was continuously monitored. 

During this time, the  experiment i m t r u -  

A t  150 minutes pr ior  t o  scheduled launch, the countdown was inLtiated. 
Final  calibrations of sensors and transducers were recorded, and the l iqu id  
leve l  of the experiment was s e t  s o  that the estimated l eve l  at  l i f t - o f f  would 
be 30 percent by volume. Then the experiment was integrated with the vehicle 
and the nose cone. 
the experiment was flown with a l iqu id  leve l  of 20.6 percent. 

For this f l i gh t ,  as a r e su l t  of minor holds a t  launch t i m e ,  

FLIGHT CHARACTERISTICS 

The primary vehicle functions and experiment programed commands a re  shown 
i n  figure 4, which describes the vehicle trajectory,  obtained from radar track- 
ing. Fifteen seconds a f t e r  l i f t - o f f ,  the  experiment camera was s tar ted.  A l s o  

a t  t h i s  t i m e ,  power t o  the elec- 
t r i c a l l y  controlled radiation 
heater was in i t ia ted .  After 
sustainer burnout a t  52 seconds 
a f t e r  l i f t - o f f ,  the  vehicle 
coasted i n  a reduced gravity en- 
vironment u n t i l  the start of de- 
spin a t  76 seconds a f t e r  l i f t -  
off. During t h i s  in te rva l  be- 
tween 52 and 76 seconds, atmos- 
pheric drag on the vehicle was 
counteracted by thrus t  augmenta- 
t ion  obtained by flowing resid-  
ual oxidizer tank pressurization 
gas out of the engine nozzle. 
The antidrag thrus t  decay closely 
approximated the drag decay. A t  
76 seconds a f t e r  l i f t - o f f ,  then, 
the oxidizer tank shutoff valve 
was closed and thus further 
thrusting was stopped. A t  the  
same time the vehicle casing w a s  
despun by flowing residual he- 

of the despin j e t  nozzles (see 
f i g  l ( a )  9 P 3 )  The vehicle 

0 @I la 240 320 400 480 l i u m  gas from the fue l  tank out 
Vehicle flight time, sec 

Figure 4. - Vehicle flight trajectory, including programed functions. 
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continued t o  coast u n t i l  350 seconds a f t e r  l i f t - o f f ,  a t  which time the recover- 
able nose cone was separated from the vehicle. 
impacted in to  the Atlantic Ocean. 
ery team located the f loat ing nose cone. 

A t  422 seconds the nose cone 
Within minutes the nearby helicopter recov- 

The resul t ing useful zero-gravity time, as shown i n  figure 5(a), was  t ha t  
f l i g h t  t i m e  during which the acceleration r a t e  i n  the thrus t  axis was no 
greater than 0.001 g. This period, from 76 t o  349 seconds a f t e r  l i f t -o f f ,  i s  
a l so  indicated i n  f igure 4. 

x 

Later a1 Acceleration Perturbation 

Because the Aerobee 15OA rocket is  spin s tab i l ized  a t  a nominal r a t e  of 
2.5 rps,  a despin mechanism w a s  employed for the en t i re  payload t o  counteract 

(1: 0 .- 
.c. e 

P 
W 

W 0 
- 

Flight time, sec 

(a) Thrust axis, 0.01O-g accelerometer. (b) Lateral acceleration perturbation; +_.OlO-g accelerometer; 
frequency, 2.73 cps; average amplitude, -0.0147 g. 

Figure 5. - Experiment acceleration field. 

the rotat ional  acceleration of the vehicle. With correct operation the f l u i d  
within the Dewar would have experienced no rotat ional  or l a t e r a l  excitations. 
A malfunction i n  the vehicle despin system occurred during f l i g h t ,  however, 
such that a l a t e r a l  acceleration perturbation was imparted t o  the Dewar through- 
out the weightless t i m e .  Average equivalent perturbation acceleration was 
k0.015 g at  a frequency of 2.73 cps. A graphic representation of the data ob- 
tained i n  the axis of rotat ion is shown i n  figure 51b). 
ometer used was overranged, the amplitude was extrapolated from the telemetered 
traces.  

Because the acceler- 

DISCUSSION OF RESULTS 

Ullage Control Effectiveness 

Based on drop-tower studies ( re f .  71, the f l u i d  configuration during 
weightlessness f o r  the spherical  Dewar and the standpipe u t i l i zed  i n  the ex- 
periment should be that of a f lu id - f i l l ed  standpipe with the bulk of the re- 
maining l iqu id  located near the base of the control surface. The e f fec t  of a 
high-radiation heat input adjacent t o  the ullage surface, however, i s  t o  drive 

7 



the  f l u i d  away from the source of heat, t ha t  i s ,  away from the control surface. 
Furthermore, because of the despin malfunction described ea r l i e r ,  the f l u i d  w a s  
subjected t o  a l a t e r a l  acceleration, which tended t o  concentrate the l iqu id  
in to  a plane approximately 60' t o  the  axis of the standpipe. 
the perturbation was on the average k0.015 g a t  a frequency of 2.73 cps. 

The amplitude of 

The standpipe did f i l l  as shown by the photographic sequences of figure 6 
i n  sp i t e  of both adverse heating and acceleration perturbations. The time r e -  
quired under these conditions was  of the order of 1 minute. This time t o  f i l l  
was long compared with t h a t  of the drop-tower studies ( r e f .  7) because of the 
re la t ive ly  small holes a t  the bottom of the standpipe. A s  the  photographs in-  
dicate,  the control w a s  l iqu id  f i l l e d  fo r  the remainder of the zero-gravity 

(a) Flight time, 13 seconds. (b) Flight time, 79 seconds. (Start of zero-gravity time, 76 sec.) 

(e) Flight time, 159 seconds. (0 Flight time, 221 seconds. 

Figure 6. - Photographic sequence showing ullage 
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t i m e ,  while most of the excess was contained i n  the annulus a t  the base of the 
standpipe. 

The complete motion-picture sequence showing t h i s  process i n  f l i g h t  i s  i n  
the film supplement of reference 5. 

Heat-Transfer Characterist ics 

The t o t a l  amount of heat absorbed by the liquid hydrogen i s  equivalent t o  
the heat transferred t o  the hydrogen by radiation plus the heat leaks minus the 
heat stored i n  the Dewar w a l l ,  t ha t  is, 

(c) Flight time, 135 seconds. (dl Flight time, 144 seconds. 

(g) Flight iime, 240 seconds. 

control f i l l ing Drocess in zero-gravity environment. 

(h) Flight time, 260 seconds. 
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where 

t o t a l  amount of heat absorbed by l iqu id  hydrogen, Btu 

net r a t e  of radiant energy, Btu/hr 

'ab s 

qr 

t time , hr  

qh2 heat leak energy r a t e ,  Btu/hr 

heat stored i n  Dewar w a l l ,  Btu Qs 

The heat transferred by radiation was computed from the following equation, 
which w a s  obtained from reference 9, section 5-5: 

n 
qr = BijWiAi - WjAj 

i=1 j 

where I 

net r a t e  of radiant energy gained by surface j 

absorption factor  between surfaces i and j 

t o t a l  hemispherical emissive power per uni t  area 

qr j 

'i j 

W 

A surface area 

The developnent of the respective parameters fo r  t h i s  equation a re  detailed i n  
the reference. The application t o  this par t icular  experiment, however, is  not 
presented herein. The heat leaks and the heat stored i n  the Dewar w a l l  were 
computed with techniques similar t o  those presented i n  reference 1. 

The radiation-heater-temperature history measured during f l i g h t  i s  pre- 
sented i n  figure 7. 
t i e s  obtained fo r  a s i m i l a r  heat-transfer model of reference 1, the radiated 
heat r a t e  was obtained by accumulating the integrated heat ra tes  over the 
weightless period of f l i g h t .  
the hydrogen sphere pressure, the time his tory of which is  given i n  figure 8, 
i s  presented as a function of heat added i n  figure 9. 
are  l ines  depicting the pressure r i s e  as  a function of heat input t ha t  may be 
calculated based on cer ta in  assumptions about thc heat dis t r ibut ion i n  the 
Dewar. The homogeneous-mixing l i n e  is  calculatzd by using the tables of re f -  
erence 10, with the heat assumed t o  be dis t r ibuted uniformly on a mass basis 
between the l iquid and the gas. The surface-evaporation l i ne  i s  calculated by 
using reference 10, with the assumption tha t  a l l  the incoming heat evaporates 
l iquid.  

Prom t h i s  prof i le  for  the time period and from emissivi- 

I n  order t o  eliminate f l i g h t  time as a parameter, 

Included fo r  comparison 
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Figure 7. -Temperature rise of radiation heaters. 

A s  shown i n  
figure 9 (a ) ,  the 
actual  pressure 
r i s e  was some- 
what higher than 
tha t  pre die t e d 
by assuming ho- 
mogeneous mixing 
during the early 
portion of 
weight les  sne s s 
and continued t o  
deviate a t  an 
increasing ra te  
f o r  the remain- 
der of the 
f l i g h t .  The 
deviation from 
the calculations 
based on homo- 
geneous mixing 
and surface 
evaporation is  

graphically represented i n  figure 9(b), shown as a percentage between the 
surface-evaporation l i ne  and the curve f o r  homogeneous mixing. 
shows, l i t t l e  change was observed during the f i rs t  portion of the f l i gh t ,  with 

As  the figure 

I values ranging from 22-to approximately 24 percent pressure deviation. During 

the l a t t e r  portion, however, the actual  pressure deviated a t  an increasing r a t e  
2 

and reached a 
deviation of 
66 percent at 
the end of the 
f l i g h t .  

0 40 80 
Flight time, sec 

Figure 8. - Pressure rise in hydrogen sphere during flight. 
*,% 

The follow- 
ing postulation 
i s  presented as 
an explanation 
of the phenomena 
occurring during 
t h i s  experiment. 
Prior to i n i t i a -  
t i o n  of weight- 
lessness, the 
l iqu id  configu- 
ra t ion  was 
simflar t o  tha t  
i n  a gravita- 
t i ona l  f ie ldf  
t ha t  i s ,  the 
l iqu id  was 

11 



(a) Comparison of actual pressure r ise to calculated values for surface evaporation and for homogeneous mixing. 

Heat added, B tu  

(b) Percentage deviation of actual pressures from surface evaporation and homogeneous values. Pressure deviation: (actual pressure - 

Figure 9. - Pressure-rise characteristics with heat addition dur ing weightlessness. 

homogeneous pressure)/(surface evaporation pressure - homogeneous pressure) x 100; values taken from figure 9(a). 
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Equator separating 
heater hemispheres 

hydrogen- 

(a) Normal gravity environment. 

(b) Partly fu l l  standpipe. 

(c) Nearly fu l l  standpipe. 

(d) Full standpipe. 

Figure 10. - Liquid configuration. 
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contained i n  a pool as shown i n  f igure lO(a).  A s  the gravi ta t ional  environment 
quickly reduced t o  near weightlessness, the f l u i d  posit ion was dictated by sur- 
face tension forces such t h a t  the l iqu id  began wetting the Dewar w a l l  and a t  
the same time began f i l l i n g  the  ullage control by capi l la ry  action. The con- 
f igurat ion at t h i s  time was  similar t o  t ha t  of f igure 10(b) .  
minute of weightlessness ( the  t i m e  required t o  f i l l  the  standpipe), a consid- 
erable l i qu id  layer  w a s  present along the Dewar w a l l  for the  hemisphere con- 
ta ining the ullage control (see f i g .  10( c ) )  . This hemisphere w a s  exposed t o  
the high radiat ion temperature environment of 267 Btu per hour per square foot .  
The bubbles created by nucleate boiling were, f o r  the  most par t ,  condensed by 
the r e l a t ive ly  th ick  layer of hydrogen. By the end of the f i r s t  minute of 
weightlessness, however, t he  l i qu id  completely f i l l e d  the  standpipe, as  de- 
scribed e a r l i e r .  A t  t h a t  time the configuration consisted of a deep layer i n  
the standpipe, a r e l a t ive ly  th ick  layer near the base of the standpipe, and a 
t h i n  layer near the Dewar equator (see f i g .  l O ( d ) ) .  
then, it i s  expected t h a t  the l i qu id  i n  the standpipe and near i t s  base (cross- 
hatched area i n  f i g .  10(d)) was of suf f ic ien t  depth t o  continue the condensing 
process. Since t h i s  configuration remained throughout the  weightless period, 
the condensing process should have remained unchanged. Furthermore, condensa- 
t i on  of the bubbles suggests subcooling of the l iquid.  Subcooling of the l i q -  
uid was, i n  f a c t ,  measured by the temperature prof i le  rake. The data presented 
i n  f igure 11 indicate  t h a t  about 1' R of subcooling w a s  established within 
1 minute a f t e r  the beginning of weightlessness and remained for the duration 
of f l i g h t .  

During the f i r s t  

For this configuration, 

For the t h i n  l i qu id  layer  (dotted area of f i g .  10( d) ) adjacent t o  the  
high-temperature heater,  the bubbles did not condense but delivered t h e i r  heat 
t o  the gas ullage. This process ra i ses  the pressure a t  a r a t e  -mar that f o r  
surface evaporation. A subcooled l iquid,  on the other hand, predicts pressures 
lower than those f o r  homogeneous mixing. The ne t  e f f ec t ,  then, during this 
1-minute period i n  which the ac tua l  pressure rose from 16.5 to 30 pounds per 
square inch absolute was a pressure above t h a t  f o r  homogeneous mixing t h a t  
ranged from 22.5 t o  24 percent of t h a t  obtained by t o t a l  surface evaporation. 

During the next 2 minutes of weightless time, addi t ional  heat was carr ied 
t o  the gas ullage where the  hydrogen layer w a s  t h i n  (dotted area of f ig .  l O ( d > ) ,  
while the  subcooled l i qu id  remained unchanged ( f i g .  11). 
t i o n  curve indicated t h i s  e f fec t ,  as the  pressure continually deviated a t  an 
increasing r a t e  and reached 45 percent ( f ig .  9 (b) )  during t h i s  time. 

The pressure devia- 

For the remainder of the f l i g h t  this t h i n  f i lm of hydrogen began drying 
as observed i n  the  motion pictures ( f i lm supplement, r e f .  5) and by the re- 
sponse of the respective surface temperature sensors. During t h i s  time, heat 
was added d i r ec t ly  t o  the gas ullage, and the pressure began t o  approach t h a t  
predicted by surface evaporation ( f i g .  9 (a ) ) .  T h i s  e f f ec t  i s  more graphically 
i l l u s t r a t e d  i n  f igure 9(b) ,  where the deviation has increased t o  66 percent by 
the end of the weightless period. 

Wall-Drying menomenon 

The drying process observed i n  the motion-picture f i lm i s  shown i n  f ig -  
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Figure 11. - Liquid-hydrogen temperature profile near wall adjacent to temperature-controlled heater. 
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Orientation sketch 

(c) Flight time, 301 seconds. (d) Flight time, 314 seconds. 

Figure 12. - Photographic sequenct showing wall drying adjacent 
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